ABSTRACT
INTRODUCTION
Transcription start site (TSS) selection and alternative splicing greatly contribute to diversifying gene expression. Alternative first exons (AFEs), where the first exon of one splice variant of a gene is located within an intronic region of another variant, have been reported to make a substantial contribution to diversity. Some AFEs merely change the 5 -untranslated region (5 -UTR) (Oberbaumer et al., 1998; Hu et al., 1999; Kelner et al., 2000) , and do not lead to protein differences. However, many genes have start codons in their AFEs that alter the N-termini of the translated proteins (Hugnot et al., 1992; Nakhei et al., 1998; Lee-Kirsch et al., 1999; Takano et al., 2000; Sun et al., 2001) . Most of these cases have been reported in mammals and it has been suggested that these transcripts are regulated in a tissue-specific manner and/or developmental stage-specific manner.
Recent large-scale studies have provided overviews of AFEs in humans. Suzuki et al. (2001a) have systematically investigated * To whom correspondence should be addressed. the diversity of transcriptional initiation, using full-length human cDNAs and 5 end expressed sequence tags (ESTs). Another computational study has shown that AFEs are frequent in the mouse (Zavolan et al., 2002) .
Very few studies have looked at AFE transcripts in plants. The Arabidopsis SYN1 gene utilizes alternative promoters and splicing to produce two transcripts with different 5 ends, one transcript (BP5) beginning within the first intron of the other (BP2) (Bai et al., 1999) . SYN1 is one of the small number of reported AFE transcripts, but its regulation is yet to be analyzed.
Recently, a rice (Oryza sativa) draft genomic sequence and the sequences of a number of full-length cDNAs, have been reported. In the present study, we systematically identified novel candidates for rice AFEs and examined the tissue specificity of the candidates. We also compared our findings with those in the mouse, in order to analyze the regulation of usage of AFEs and the various types of TSSs, such as strict transcription start sites (STSS) and multiple strict transcription start sites (MSTSS). This is the first report on these features in rice, a model monocot.
METHODS

Systematic detection of MSTSSs, TSSs and AFEs
All of the acquired datasets and databases are listed in Table 1 . Mapping of 5 end ESTs on genomic sequences was performed with BLAST (Altschul et al., 1997) [E-value <10(−100) in rice, <10(−50) in mouse] followed by SIM4 (Florea et al., 1998) . After locating each EST approximately on the genomic sequences, SIM4 (≥90% match) was used to determine its exact location and the gene structure. We excluded ESTs that did not map onto a unique genomic region from the fine mapping.
5 end ESTs were grouped into a cluster if they mapped in the same genomic region and the distance between them was <100 bp, or they mapped on the same full-length cDNA. However, some ESTs could be mapped to incorrect regions because the length of the EST is not long enough for fine mapping. In this study, such mapping errors could have caused increased noise in the calculation of the standard deviations (SDs) of each TSS, and in Kikuchi et al. (2003) . In such cases we used the fulllength cDNAs to annotate our clusters and to identify the predicted start codon. The annotation data and predicted ORF information are publicly available (Table 1 ). The longest ORF was used to predict the ORF of each full-length cDNA. We used ORF information except in instances of alreadyknown rice genes, which comprised ∼9% (2603) of all the full-length cDNAs (28 469).
To classify each 5 end EST cluster, we calculated the SD of the cluster as follows:
where x i is the distance from the 5 end of each cluster (bp), x, the mean of x i (bp) and n, the number of ESTs in each cluster. We then defined and classified each 5 end EST cluster of STSS, MSTSS or AFE types as follows: STSS clusters contain TSSs whose SD is <5, because the mode of the SDs of human TSSs is reported to be ∼10 (Suzuki et al., 2001a) ; MSTSS clusters (1) include multiple STSSs in a cluster, (2) contain three or more 5 end ESTs in the STSS subcluster and (3) contain STSS subclusters of length exceeding 25 bp; AFE clusters contain a subcluster whose first exon is within the intron of another subcluster. Candidate MSTSS clusters were extracted by single linkage clustering of TSS positions and classified as MSTSS clusters when the candidates fulfilled the criteria listed above.
Identification of promoter elements
The search for eukaryotic promoter elements was performed with MatInspector Rel. 2.1 (Quandt et al., 1995) , which utilizes TRANSFAC 3.1 matrices (http://www.gene-regulation.com/) as a database. The matrix ID, preferred region and cutoff value of each element were as follows; TATA box: V$TATA_01, from −40 to −23, 0.77; Initiator: V$CAP_01, from −5 to +6, 0.87; GC box: V$GC_01, from −74 to −45, 0.78; CCAAT box: V$CAAT_01, from −105 to −70, 0.78 (Tsunoda and Takagi, 1999; et al., 2001b) . CCAAT boxes and GC boxes were searched in both plus and minus strands.
Reverse Transcription-Polymerase Chain Reaction (RT-PCR)
Total RNA was isolated from several rice tissues or cells (including seedlings grown in the dark for eight days after imbibition), from leaf sheath, leaf blade and panicles immediately after heading and two weeks later, and from the callus derived from the embryo, using RNeasy Plant Mini Kits according to the manufacturer's instructions (Qiagen, Valencia, CA). About 5 µg of DNaseI-treated RNA was reverse-transcribed with 0.5 µg of an oligo dT primer and SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA). RT-PCR was performed using 1 µl aliquots of 50 µl of the first strand cDNA products and Ex Taq polymerase (Takara, Shiga, Japan). In order to verify that we used equal amounts of cDNA template in each sample, PCR was conducted with primers specific for the 18S rRNA gene (5 -ACAATCTAAATCCCTTAACGAGGATC-3 and 5 -ACTAGGACGGTATCTGATCGTCTTC-3 ). The primers specific for the individual first exons are given in the Supplementary materials section. The reverse transcripts were used to verify the specificity of the whole rice genome sequences. PCR products were amplified for 30 cycles of Cluster 1; 36 cycles of Clusters 10, 6 and 5; 40 cycles of Cluster 11; 32 and 40 cycles for transcribed variants 1 and 2 of Cluster 7; 36 and 40 cycles for those of Cluster 8; 28 and 40 cycles for those of Cluster 9; 40 and 32 cycles for those of Cluster 2; 36 and 40 cycles for those of Cluster 3; 32 and 36 cycles for those of Cluster 4 and 36 and 40 cycles for those of Cluster 12. The amplified fragments were separated by electrophoresis on 1.5% agarose gels, stained with ethidium bromide, and analyzed with a fluorescent image analyzer, Molecular Imager FX Pro (Biorad, Richmond, CA). We also performed RT-PCR to validate the accuracy of determination of 5 ends (Supplementary materials section) .
Identification of TSS
Since we used 5 end ESTs and full-length cDNAs constructed using the oligocapping and cap-trapper methods (Maruyama and Sugano, 1994; Carninci et al., 1996) , the identification of TSSs in this study is more reliable than those which used general 5 ESTs. In addition, we evaluated the 5 end accuracy of our data, by confirming the expression levels of the upstream regions of exons 'a' and 'b' in series 3. 
RESULTS AND DISCUSSION
TSSs of rice are less diverse than mouse
Our mapping procedures detected 1159 clusters among 91 425 rice 5 end ESTs. We also carried out the same procedure in mouse to compare the features of TSSs in plants and mammals and detected 501 clusters among 141 935 mouse 5 end ESTs (all mapping and clustering results are summarized in Table 2 ). Although the number of rice 5 end ESTs was less than in the mouse, a larger number of rice clusters were detected. This probably reflects the difference between the number of genes in the rice and mouse genomes. Of all clusters, 556 STSSs and 69 MSTSSs were detected in rice, and 110 STSSs and 20 MSTSSs in mouse. We then calculated the SDs of TSSs for each cluster (Fig. 1) . Note that the distribution of mouse SDs is similar to that in humans (Suzuki et al., 2001a) , which suggests that high TSS diversity is a common feature in mammals. Nearly 50% of the clusters in rice had SDs <5, compared with only 22% in mouse, indicating that rice genes may have less diverse TSSs than the mouse genes.
Rice MSTSS clusters do not generate protein diversity
In rice MSTSS clusters, all the start codons of the predicted longest ORFs were located within the first exons, which have the most downstream TSSs in the clusters, suggesting that the choice of MSTSS would not affect the coding region. For example, Figure 2A shows rice glutathione S-transferase II, whose MSTSS has not been reported. A full-length cDNA (GenBank accession no. AF062403) of this gene has been identified (Wu et al., 1998) and located 76 bp downstream of the TSS in Figure 2A , suggesting that the choice of TSS in this MSTSS cluster only affects the length of the 5 -UTR. In addition, we found another unreported MSTSS, in rice calciumdependent protein kinase (CDPK). These results show that rice MSTSSs may not create protein diversity. Hence we propose that, by altering the length of the 5 -UTR, MSTSSs may instead affect, for example, the stability of mRNA transcripts or the selection of cis-acting regulatory elements.
Tissue-specific expression of AFEs in rice
We detected 46 potential AFE clusters (4%) among 1159 clusters in rice and 69 potential AFE clusters (14%) among 501 clusters in mouse. Figure 2B gives an example of the AFE clusters found in mouse. The average length of the first introns in mouse AFE clusters was greater than in rice. In addition, the higher TSS diversity in mouse ( Fig. 1) suggests that transcription initiation events (including AFE) are more dynamic in mammals than in plants.
We also used the tissue type information of each 5 end EST and extracted 12 rice AFE clusters predicted to be regulated in a tissue-specific manner. We then verified their tissue specificity by RT-PCR in six tissues (seedling, leaf blade, leaf sheath, flower just after heading, flower two weeks after heading and callus). As shown in Figure 2C , we designed a sense primer specific for each first exon, and an antisense primer in a constitutive exon (second or third exon). As a result, we observed five AFE clusters regulated in a tissuespecific manner (Fig. 3A) . In the other seven clusters, clear tissuespecific expression was not observed for the six tissues. Overall, the mRNA level of flowers just after heading (flower 1) differed significantly among transcripts with different first exons.
Structure 1 in Figure 3A shows an AFE cluster whose gene encodes a starch-branching enzyme (SBE). SBE synthesizes amylopectin from amylase, and a wheat SBE is known to generate alternative 5 end transcripts (Baga et al., 1999) . Our RT-PCR results revealed that the exon 1b transcript was expressed constitutively, while the exon 1a transcript was expressed specifically in flower 1 and leaf blade. Figure 4 shows the locations of an already-known rice SBE gene (GenBank accession no. D11082) (Mizuno et al., 1992) , as well as the full-length cDNAs and their ORFs in this cluster. The start codon of the already-known gene was located in the first exon, showing that AFE events change the protein-coding region in this cluster. In addition, it has been reported that differences between N-termini affect enzymatic properties in kidney bean SBE (Hamada et al., 2002) . Our free energy analysis of 100 bp downstream of the TSSs revealed no significant difference between the two AFEs in another AFE cluster (data not shown). These results indicate that AFEs may play a role in the coupling between promoter selection and protein diversity.
Structures 2-4 in Figure 3A show clusters encoding unknown genes whose expression levels were modulated in a tissue-and/or stage-specific manner. The clusters of Structures 3 and 4 have predicted ORFs in their first exons, suggesting that the AFEs of these genes affect the protein products. Structure 5 shows a cluster homologous to mitogen-activated protein kinase (MAPK). The RT-PCR results suggest that the exon 1a transcript is required for enzyme activity, especially in seedling. The start codon of the predicted longest ORF was detected only in exon 1a transcript. It is possible that 
Mitogen-activated protein kinase the protein translated from the exon 1a transcript plays an important role in seedlings. Table 3 shows a summary of the existence of promoter elements, TATA boxes, initiators, GC boxes and CCAAT boxes for each cluster. Many clusters had no TATA box or initiator. Moreover, CCAAT boxes were frequently observed in the TATA-less promoters. These characteristics may facilitate AFE events, since Suzuki et al. (2001a) have reported that highly variable TSSs in mouse have TATA-less promoters. In addition, CCAAT boxes may play a similar role to TATA boxes in rice, as reported in other species (Hayhurst et al., 1995) .
Many AFE genes have no TATA box or initiator in their promoters
CONCLUSION
We identified novel candidates for AFEs in rice, some of which were regulated in a tissue-specific manner. In addition, we showed that these potential rice AFEs may play an important role in regulating gene expression in a tissue-and/ or stage-specific manner, and may also contribute to protein diversity. Since we detected a number of unreported MSTSSs and AFEs in known genes, there may be a large number of undiscovered variable TSSs in plants. We anticipate that further studies will reveal how each TSS is selected in the MSTSS
